Abstract.-To understand how logging of second-growth forests affects populations of coastal cutthroat trout Oncorhynchus clarkii clarkii, we examined trout relative abundance, body condition (mass relative to length), and physical and thermal habitat in the summer and winter in four headwater streams (two treatment streams and two nonlogged control streams) over a 6-year period (2 years prelogging [1997][1998]] and 4 years postlogging [1999][2000][2001][2002]). This is one of the first efforts to conduct a multiyear, replicated stream, before-and-after experiment on this scale to assess the effects of logging on fish and habitat. In the treatment streams, 21% of the watershed area was logged by clear-cutting (no scarification or slash-burning). Careful logging approaches were employed to remove most of the riparian overstory (i.e., no machines were used within 5 m of stream, logs were felled and yarded away from riparian zones, all shrubs were left behind, and large wood was left in streams). Because a cooler summer climate occurred coincidentally with our postlogging period (the mean daily average summer air temperature was 1-28C cooler than the temperature during the prelogging period), the mean average and mean maximum daily stream temperatures declined after the logging period in the control streams and remained the same in the treatment streams. After accounting for the effects of climate, logging had warmed treatment streams by about 18C. We could not detect any logging treatment effects on summer or winter relative abundance or condition, nor were any changes evident to instream physical habitat associated with the logging treatment. These results were probably attributable to the careful logging approaches employed and the cooler climate that occurred during the postlogging period.
The responses of salmonids to streamside logging in Pacific Northwest watersheds vary widely among studies (reviewed in Meehan 1991; Northcote and Hartman 2004) . Canopy removal can stimulate primary and secondary production by increasing solar radiation (Hawkins et al. 1983; Bilby and Bisson 1992; Kiffney et al. 2003) . Abundance and growth of salmonids can be enhanced by increased primary production and warmer stream temperatures if streams are relatively cool to begin with (Hawkins et al. 1983; Holtby 1988; Bilby and Bisson 1992) . Foraging efficiencies also may be improved with increased light levels (Wilzbach et al. 1986) . However, such benefits of logging may be negated if habitat is degraded by excessive sedimentation, stream temperatures are elevated to lethal levels, or large wood is lost (Moring and Lantz 1975; Hartman et al. 1987; Hicks et al. 1991) . Fine sediments from streambank erosion can infiltrate spawning beds and reduce egg survival (Moring and Lantz 1975; Hartman et al. 1987 ). Even if not acutely lethal, high stream temperatures can reduce available rearing habitat, impede movements, increase susceptibility to diseases, and influence competitive encounters (Beschta et al. 1987) . Losses of large wood supply through streamside harvesting or downstream transport can also reduce the amount of cover and habitat available to streamdwelling salmonids (Bilby and Bisson 1998) .
Coastal cutthroat trout Oncorhynchus clarkii clarkii, like other salmonids, have at times responded positively to logging. and Murphy and Hall (1981) found higher total biomass and mean weights of age-1 and older cutthroat trout in streams with clear-cut riparian zones than in streams with intact, old-growth riparian zones in the Oregon Cascades. They attributed this to enhanced food availability in the former. Moreover, Lamberti et al. (1991) also found more cutthroat trout when trees were removed from stream margins by debris torrents, so even a natural disturbance can cause this effect. Cutthroat trout in small coastal British Columbia streams have been shown to be food limited during summer, so increased food availability through increased primary production may result in higher growth rates (Boss and Richardson 2002) . Bisson and Sedell (1984) also found higher biomass of cutthroat trout in clear-cut rather than in old-growth streams in western Washington, although the differences were attributed largely to the increased young of year production in clear-cut areas.
Other studies have found negative or neutral responses by cutthroat trout to logging (Moring and Lantz 1975; Bilby and Bisson 1992; Murphy et al. 1996) . In a 15-year study of cutthroat trout, Moring and Lantz (1975) found that the abundance of trout smolts leaving clear-cut streams in the Oregon Coast Range declined to one-third their preharvest values, largely because of fine sediment accumulation at spawning bed sites. Bilby and Bisson (1992) found no significant differences in the summer and autumn biomasses and abundances of trout in clear-cut versus old-growth streams in the Deschutes River drainage of Washington State. Murphy et al. (1986) also found no differences in the summer abundance of age-1 and older trout between clear-cut and old-growth streams in southeastern Alaska, although winter abundances were significantly lower in the clear-cut streams. The authors suggested that loss of winter habitat (i.e., undercut banks) from logging activities may nullify any summer gains associated with enhanced primary productivity and food abundance.
All aforementioned studies examined the effects of logging old-growth forests. Few studies have examined the effects of logging second-growth forests on stream habitat and fish, and this is particularly the case for headwater streams in the Pacific Northwest. Streams flowing through second-growth stands may respond more dramatically to logging because incident radiation, and hence primary and secondary productivity, is lower in second-growth compared with old-growth forests (Murphy and Meehan 1991) . In addition, large wood from second-growth forests that is recruited into streams is often unstable and insufficient to form pools (Andrus et al. 1988) . If logging rotations are short (e.g., ,50 years), recovery of instream habitat conditions, such as shading, large wood recruitment, and pool formation, may not have occurred in second-growth forests (Reeves et al. 1995; Northcote and Hartman 2004) .
The objectives of this study were to determine whether logging riparian areas of second-growth forests influences the headwater populations of resident coastal cutthroat trout and whether changes in stream habitat resulting from logging could explain differences in these populations. Our project was a small component of an ongoing, multiyear, 16-stream investigation experimentally examining the influences of riparian buffer-strip width and tree density on physical, chemical, and biological aspects of riparian and stream ecosystems (Kiffney et al. 2003) . We report on study results for the first 6 years involving instream physical habitat and fish size and abundance, and we summarize specific aspects of stream temperature and discharge. Detailed results for instream chemical, water volume, and thermal variables; climate; and measures of nonfish aquatic biota (primary production, invertebrates) and terrestrial biota (insects, amphibians, mammals) are in preparation or reported elsewhere (e.g., Kiffney et al. 2000 Kiffney et al. , 2002 Kiffney et al. , 2003 Cockle and Richardson 2003; .
Most fish and forestry case studies have lacked replication, and most comparative survey studies lack detailed temporal assessments, usually sampling streams during only one time period, typically in the summer. We therefore used a before-after-controlimpact (BACI) design, with spatial replication of controls and treatments, to assess trout from 2 years before to 3 years after logging in both summer and winter. We tested the hypothesis that logging secondgrowth riparian zones will alter the abundance and condition of trout. Because trout in these streams are extremely food limited (Boss and Richardson 2002) , we predicted that trout abundance, condition, or both would increase after logging because of increases in primary production and food availability stemming from the higher levels of solar radiation reaching treatment streams. This assumes, however, that physical and thermal habitats do not significantly change in those streams. We anticipate a decline in abundance and/or condition if logging reduces the amount of physical habitat and/or increases temperatures to suboptimal or lethal levels. Pseudotsuga menziesii, western red cedar Thuja plicata, and western hemlock Tsuga heterophylla. The climate is maritime and characterized by dry, warm summers and wet, cool winters. Soils are shallow and composed of glacial till and some glacio-marine deposits (Feller and Kimmins 1979) . Four small, firstor second-order streams, the only ones that are naturally fish bearing in the larger multistream study, were used for our study: East Creek, Spring Creek, and Streams A and C (Figure 1 ). All contain resident nonanadromous populations of coastal cutthroat trout; no other fish species occur in these streams. The streams have either riffle-pool or step-pool morphologies (Montgomery and Buffington 1998) with southerly aspects. These streams are very similar in gradient and watershed area (Kiffney et al. 2003 ; Table 1 ). Peak flows occur from November to February; the lowest flows occur from July to September. Summer low flows often result in the streams becoming a series of isolated pools connected by subsurface flow.
Methods
The forests surrounding the study streams were logged from 1925 to 1931 and naturally regenerated after a major fire in 1931. The forests adjacent to Streams A and C were clear-cut from October 1998 to February 1999; no buffer and a 10-m buffer were left, respectively (Figure 1) , and 21% of both watersheds was logged (Table 1) . Logging debris and slash were left in place, clear-cut areas were not scarified, logs were felled and yarded away from the stream, and harvesting machines remained at least 5 m away from streambanks, all consistent with standard provincial logging practices at the time. Substantial blowdown occurred in Stream C in the winter immediately after logging (1998) (1999) , reducing the 10-m buffer in some sections to only a few trees. In several sections of Stream C, little overhead canopy remained despite the initial 10-m buffer. Although not quantified at that time, at present more than 40% of the riparian trees in experimental plots alongside Stream C are dead or damaged (S. Mitchell, Department of Forest Sciences, University of British Columbia, unpublished data). The year following the blowdown event, many of the fallen trees were carefully removed from the streamside areas. Because of its relatively small and patchy riparian buffer zone resulting from postblowdown logging, Stream C was treated similarly to Stream A for our analyses: both were considered logged treatments. East Creek and Spring Creek, both of which have been used in previous studies of cutthroat trout, served as nonlogged controls (Young et al. 1999; Boss and Richardson 2002) .
The study segments selected in each stream were situated in the uppermost fish-bearing reaches (all were within 100 m of upstream fishless areas where streams either became extremely steep or emanated from groundwater or shallow seeps). The length of the study segments varied among streams (131-509 m; Table 1) because of several factors, including the proximity of downstream barriers to upstream movement (described below), ease of access (control streams were logistically difficult to access and sample) and the linear extent of riparian logging (we sampled treatment streams along the entire section adjacent to riparian logging). Treatment streams had segments 2-4 times longer than those of control streams; however, all segments remained relatively constant among years within any given stream (Table 1) . Segment lengths modestly increased in 1998 when cutblock boundaries were firmly established, but minor adjustments in length were made in other years in response to summer flow conditions and our ability to trap fish effectively (Table 1) . Summer lengths varied among years in some streams but by no more than 8% within a stream (Table  1) . Winter segment lengths did not change among years within streams. All study segments, except in Stream C, were situated just above barriers to upstream fish movement. East Creek contains a V-notch water discharge weir (constructed in mid-1970s), as does Stream A (constructed in 1997 Stream A (constructed in -1998 , which set the lower boundaries of the study segments in those streams. Spring Creek contains several hanging culverts, including one situated less than 300 m downstream of our downstream study segment boundary.
General life history and movement patterns of study animals.-Cutthroat trout have been extensively studied using electroshocking and minnow trapping in several different sections of East Creek since 1973, thereby providing long-term life history perspectives on trout in the southeastern corner of MKRF (Young et al. 1999; S. G. Hinch, unpublished) . Analyses of scales and length-frequency histograms indicate that, in general, the size of age-1, age-2, and age-3 and older (age-3þ) fish is 7-9, 10-13, and more than 14 cm, respectively; fish larger than 18 cm have rarely been observed. Excluding the young of year, age-1, age-2, and age-3þ fish constitute 50-70%, 30-40%, and 10-20% of populations, respectively. Fish mature at age 2. From 1997 to 1998 in approximately 450-and 150-m sections of East and Spring Creeks, respectively (these study sections were downstream of those used in our present study), detailed evaluations were made of individual movement and survival patterns using passive integrated transponder (PIT) tagging and monthly capture-recapture approaches (Boss 1999; Boss and Richardson 2002) . Emigration from study sections was minimal, and average distance moved was only 4-6 m from point of initial capture. One-third of all fish were recaptured at the same location where they had been captured several months earlier. With a similar study design, fish movement was assessed in Streams A and C (using the same study sections used in our present study) and on Blaney Creek (another small stream in MKRF) from October 2002 to March 2003. The majority of PIT-tagged fish (range among streams, 60-80%) moved less than 6 m from their initial capture location (De Groot 2004) . There was no relationship between fish size and movement or emigration patterns in any of these streams (Boss 1999; De Groot 2004) . The fact that these fish are sexually mature at such a young age and small body size, and that most do not move long distances during much of the year, is indicative of headwater and isolated (i.e., above barriers) populations (Northcote 1992) and indicates that our study populations probably will be exposed to the logging treatments for most of their lives.
Trout sampling.-We used roe-baited, standard dimension Gee minnow traps to capture fish. We chose not to use electroshocking approaches because we would be sampling study segments on at least three separate occasions in each stream over 5 years, which would result in exposing each population to 15 electroshocking events. Such repeated shocking could lead to reduced growth and sublethal injuries of cutthroat trout (Dwyer et al. 2001) . Also, electroshocking can be relatively ineffective in very cold winter situations. Electroshocking may, however, generate more accurate estimates of relative abundance (as fish may escape from traps) and may be less biased in terms of the size structure of captured individuals (very large fish may not be captured in traps). In 1997, a direct comparison of these two sampling approaches was conducted in our study section in East Creek by Young et al. (1999) , who found that mark-recapture population density estimates (fish/m 2 ) did not differ between electroshocking and trapping methods. In terms of size issues, the length-frequency relationships of fish captured by these two approaches were similar (Young et al. 1999; Boss 1999) . Interestingly, the largest fish ever caught (fork length, 21.5 cm; mass, 88 g) was caught with a minnow trap (De Groot 2004) . Both TABLE 1.-Characteristics of the four streams in the Malcolm Knapp Research Forest in which the responses of cutthroat trout to logging were studied. Gradient, elevation at the downstream exit of the study segment, watershed area, and watershed area logged are from Kiffney et al. (2003) . Mean study segment lengths (n ¼ 5 years) and among-year ranges are presented for summer sampling (na ¼ not appropriate); there was only one sampling in winter. types of gear have been ineffective at capturing young of year, so information on that year-class has not been used in past analyses, nor will it be used in the present study. The above information indicates that minnow trapping should provide reasonable estimates of among-year changes in relative abundance.
Our objectives were to sample the streams during summer, when flows were low and temperatures high, and during winter, when these environmental conditions were reversed. However, the timing of summer sampling each year varied because of among-year differences in climate and hence streamflow (details reported later in paper). Sampling is most effective when traps are fully submerged, which requires a certain minimum flow level. We thus adjusted the timing of sampling each summer to be able to sample as close to the middle of summer as possible (e.g., late July through early August) but to still be able to submerge traps. A result of this strategy was that summer sampling occurred each year before streamflows became low enough to create isolated pools and to physically limit the habitat movements of trout. Among years, sampling occurred from mid-June to early August, although within any given year sampling generally occurred within the same 2-week window among all streams. Summer sampling occurred from 1997 to 2002, inclusive, but did not take place in 1999. Winter sampling took place from early December to mid-January, and within-year sampling occurred within the same 2-week window among streams (1998-2002, inclusive , with the exception of Spring Creek, which was not sampled during the winter of 1998 or 1999). Winter sampling occurred in 1998 at about the same time logging was occurring in the watersheds of Streams A and C. In the summer, each stream was sampled twice; sampling events occurred approximately 1 week apart. Only one sampling event took place per stream in the winter because of logistic constraints. A sampling event consisted of a 2-to 3-h soak in summer and a 20-h soak (overnight) in winter. Our previous experience working in these streams indicated that traps set for longer periods during the summer did not lead to higher trapping densities, and our comparisons with electroshocking, discussed above, revealed that 2-3 h was effective (Young et al. 1999 ; S. Hinch, personal observation). Trout do feed during winter in our streams but are generally less active than in other seasons (Boss and Richardson 2002) , and overnight winter sets have been proven to capture more fish than shorter-timed sets (Boss 1999) .
Traps were placed 5-12 m apart throughout each study segment in every habitat unit that was sufficiently deep for trap submergence. The same segments and habitat units were trapped throughout the study; to ensure trap submergence, trap locations were adjusted slightly each year in response to changes in stream depth. During summer in a given stream, we attempted to use the identical number of traps in both sampling events. Despite events occurring within the same week, rapid flow changes in these streams occasionally made some areas too shallow to trap; thus trap numbers were not always identical between events (Table 2) . Attempts were made to place similar numbers of traps in streams each year so as to have equal trapping efforts. The length of each study section remained relatively constant among years, although subtle changes occurred during summer sampling as trapping boundaries were slightly expanded in postlogging years. Within-stream section length varied among years by no more than 8% in Stream A, 5% in Stream C, 7% in Spring Creek, and 0% in East Creek. If sampling segments changed in length, we adjusted the number of traps accordingly. Winter sampling segments did not change in length among years (Table 1) .
Captured trout were anesthetized with tricaine methanesulfonate (MS-222) and weighed to the nearest 0.1 g; fork length was measured to the nearest millimeter. Trout were released at their trap location after they had recovered from the effects of the anesthesia. Length and mass were measured only during the first sampling event in summer and not during the second to ensure that measures were not recorded from the same individuals twice in a season. Fish were released at the trap location immediately after they were counted during the second summer sampling event.
Environmental data.-A two-person crew conducted physical habitat assessments on each study section in each stream during June 1997 (preharvest) and again during June 2002 (postharvest); one member oversaw both years' assessments. We classified each habitat unit (pools, riffles, glides, cascades, and steps) based on substrate type, hydraulic characteristics, and stream gradient following the methods of Moore et al. (1997) . Gradient was measured with a handheld clinometer and two leveling stakes. Mean length, width, and depth of each habitat unit were measured with a transect tape and measuring stick. Substrate composition was visually estimated as the percentage cover of fines (,2 mm), gravel (2-64 mm), cobble (64-256 mm), boulder (.256 mm), and bedrock (Moore et al. 1997) . Channel exposure was measured at every habitat unit with a clinometer as the degrees above horizontal to the top of the riparian vegetation or land form on the right and left banks and used as a relative estimation of channel shading (Moore et al. 1997) ; higher values indicated higher levels of stream shading. The totals of all large (length, .2 m; diameter, .10 cm) wood (LW) LOGGING EFFECTS ON TROUT POPULATION AND HABITAT pieces were tallied within each habitat unit. Percentages of undercut banks were estimated as the perimeter of the habitat unit composed of undercut banks, which can be used as an index of cover habitat for trout.
We measured summer temperature in our streams using submersible temperature data loggers (60.028C accuracy) that were placed near the downstream end of each study segment in flowing water deep enough to ensure complete coverage by water year-round. To minimize potential for heating by solar radiation absorption, the loggers were housed in polyvinyl chloride (PVC) pipe with multiple holes drilled through to promote water exchange, and all were placed in shaded locations (below undercut banks or large wood). Temperatures were recorded approximately every 3 h and were averaged within days to generate daily maximum and mean temperatures in each stream. For our analyses, we used data from June 20 to August 20, 1997 August 20, -2002 , to reflect the summer period. A water discharge weir at the downstream boundary of our East Creek study segment operated throughout the study period and provided daily estimates of streamflow. We used data from July 1 to August 30, inclusive, in each of our study years, to estimate daily mean streamflow during summer. Although a discharge weir situated at the downstream boundary of our Stream A study segment became operational in 1998, we do not present these data because we have only limited prelogging information at this site and in other small headwater streams in MKRF with weirs and the same physical scale of logging as in our study (;20 watershed areas logged), no flow patterns changes are directly attributable to logging (M. Feller, Department of Forest Sciences, University of British Columbia, personal communication). Thus, East Creek data should provide a good surrogate for discharge patterns in our study streams. Air temperature and precipitation were measured at a climate station located in the southeast portion of MKRF. Using data for each study year from July 1 to August 30, inclusive, average daily mean, maximum, and minimum air temperatures were calculated, as was total precipitation.
Data analysis.-The relative abundance of age-1þ trout was calculated as catch per unit effort (CPUE [number of fish captured per trap]) per meter of stream that was trapped in that study segment. The per meter correction was applied to control for minor changes that occurred among years to summer study segment lengths within streams, and to make among-stream contrasts as comparable as possible (Table 1) . Two trapping events occurred in the summer, so we calculated an average CPUE/m to be used in subsequent analyses. Abundances based on stream area could not be determined because the habitat (1997, 1998) and after (2000-2002) logging. The model included the main effects of treatment (logged, control), impact period (before, after), site nested within treatment, and the interaction between treatment and impact. A significant interaction would indicate that logging affected trout abundance. Post hoc treatment effects were analyzed using leastsquares means (LSM). Because we did not have any prelogging winter data from Spring Creek and had only one year of prelogging (logging was occurring during this sampling period) winter data on the others, a balanced, fully replicated and mixed model ANOVA could not be performed on our winter abundance data as it was on the summer data. To assess the potential effects of logging on interannual winter abundance, we will estimate the mean and 95% confidence interval for winter abundance in each stream, postlogging (1999-2002, inclusive) and assess whether the 1998 values fall within or outside the confidence interval.
To determine whether summer body condition (i.e., mass for a given length) differed between pre-and postlogging, we used analysis of covariance (ANCO-VA; GLM, Minitab 2005) to compare log mass-log length regression relationships among treatments (logged, control) and their impact periods (before, after). This analysis compared four linear regression relationships based on individuals being pooled into the following groups: control streams before logging, control streams after logging, treatment streams before logging, and treatment streams after logging. A similar analysis was performed examining winter body condition; however, because we had only limited prelogging data, we were able to use ANCOVA only to compare two linear regressions based on fish pooled into control streams after logging and treatment streams after logging. This ANCOVA approach with log masslog length relationships has two advantages over more traditional means of contrasting condition among groups of fish. First, the statistical analysis of ratios of mass to length (e.g., condition indices) can be biased (Cone 1989) . Second, among-group differences in mass and length could be influenced by differences in sampling dates, but our regression approach would not be influenced by this. One disadvantage of pooling data between replicate streams and using these in an ANCOVA approach is that subtle changes to fish condition may not be detected.
To determine whether logging affected mean or maximum summer stream temperatures, we contrasted logged and control streams before (1997, 1998) and after (2000-2002) logging with a maximum likelihood using analysis of variance (ANOVA; PROC MIXED, SAS version 8e). The model included the main effects of treatment (logged, control), impact period (before, after), site nested within treatment, and the interaction between treatment and impact. Post hoc treatment effects were analyzed using LSM. Canopy cover, percentage fine sediments, percentage undercut banks, mean bank-full width, and mean pool depth for each stream were compared between 2 years (before logging [1997] ; after logging [2002] ) within sites, separately for each variable, using two-sample t-tests to determine whether habitat conditions changed in response to logging. Number of LW pieces and pools were tabulated and compared between these 2 years for each stream. We used physical and thermal habitat and relative abundance data from 1997 and 2002 and multiple stepwise forward regression to examine the joint and relative roles that habitat variables (mean bank-full width, mean pool depth, mean channel exposure, mean percentage fine sediments, mean percentage of undercut banks, mean daily temperature, number of pools per 100 m, and number of LW pieces per 100 m) have on the variation in summer relative abundance of trout. Variables chosen for use in the model were added (or removed) using the standard stepwise regression procedure (Minitab 2005) with an alpha value of 0.1. Thus, predictor variables were added (or removed) in the order of their highest (or lowest) partial correlations, with a P-to-enter criterion of 0.1 and a P-toremove criterion of .0.1. We also examined Pearson correlations between thermal variables (mean daily average temperature [MDAT] and mean daily maximum temperature [MDMT] ) and trout summer relative abundance using data from all streams across all years.
Before analysis, all variables were examined for normality with a Ryan-Joiner test, and variances were tested for homogeneity with Bartlett's and Levene's tests to ensure that they conformed with the assumptions of normality and homogeneity of variance. Where needed, variables were log or arcsine transformed. All statistical tests were considered statistically significant at a ¼ 0.05.
Results

Trout Abundance
A total of 1,535 age-1þ cutthroat trout were collected in summers over the study period (Table 2) A total of 724 age-1þ cutthroat trout were collected in winter over the study period (Table 2) 
Trout Body Condition
A total of 704 age-1þ cutthroat trout were sampled for mass and length in summer and 666 in winter. We found no differences in the slopes (F 3,696 ¼ 0.31, P ¼ 0.821) or intercepts (F 3,696 ¼ 0.13, P¼0.945) of the four log mass versus log length linear regression relationships based on summer data (control streams before logging, control streams after logging, treatment streams before logging, treatment streams after logging). The common regression equation and its coefficient of determination are log 10 (mass) ¼ À1.8751 þ 2.7914[log 10 (length)] and 0.97, respectively. For winter analyses, we did not use 1998 data, focusing only on years after logging (n ¼ 573). We found no differences in the slopes (F 1,569 ¼ 1.12, P ¼ 0.291) or intercepts (F 1,569 ¼ 1.8, P ¼ 0.180) of the two log mass versus log length linear regression relationships based on winter data (control streams after logging, treatment streams after logging). The common regression equation and its coefficient of determination are log 10 (mass) ¼ À2.05028751 þ 3.0311 [log 10 (length)] and 0.97, respectively.
Environment
The years before logging (1997 and 1998) were the warmest; they had the highest daily average and minimum temperatures (Table 3 ). The mean daily average air temperatures were 0.5-1.08C cooler in the years after logging (1999) (2000) (2001) (2002) . The highest amount of precipitation occurred in 1997 (four times that observed in 2002), which contributed to the highest daily average flow rates recorded in this study (five times the rate observed in 2002) ( Table 3) .
The summer MDAT (Figure 3a ) was higher before logging than after logging (F 1, 1,482 ¼ 54.35, P , 0.001; LSM (SE): before, 13.498C (0.07); after, 12.858C [0.05]) and was higher in treatment streams than in control streams (F 1, 1,482 ¼ 722.68, P , 0.001; . Site nested within treatment was significant (F 2, 1,482 ¼ 11.45, P , 0.001), indicating that certain streams always had higher maximum temperatures than others (Streams A and C had higher MDMT than Spring and East creeks across all time periods (Figure 3b ). The interaction of time period and treatment was also significant; MDMT was proportionately the most different between control and treatment streams after logging (F 1, 1 (Table 4) .
Summer Abundances in Relationship to Stream Habitat
We pooled data among the four streams from both 1997 and 2002 and with multiple regression analysis found that log-transformed mean pool depth was the only significant predictor of trout abundance. Higher abundances were found in streams with greater pool depths (n ¼ 8, P ¼ 0.015, R 2 adj ¼ 0.60). However, this relationship appears to be driven by the 1997 observation in Spring Creek, which had four times the abundance of most of the other sites and extremely deep pools. When this data point was removed and the analysis was rerun, the significant relationship disappeared (n ¼ 7, P ¼ 0.188, R 2 adj ¼ 0.18). We pooled data from the four streams among 5 years and with Pearson correlation analyses found that MDAT and MDMT were both negatively correlated (r ¼ À0.551, P ¼ 0.008; r ¼ À0.544, P ¼ 0.01; n ¼ 20 for both) with log-transformed summer relative abundance. The 1997 Spring Creek data point appears as an outlier (Figure 4) , and when it is removed and the analyses are rerun the correlations become stronger (r ¼ À0.675, P ¼ 0.001; r ¼ À0.648, P ¼ 0.002; n ¼ 19 for both). Although these correlation analyses are likely overpowered in a statistical sense because they include multiple observations (among-year samples) from the same streams, it is worth noting that a negative association is present between MDAT and summer relative abundance among the four streams in each year (see Figure 4) .
Discussion
Establishing the causal links between logging and changes in fish populations has been difficult in past studies because of lack of pretreatment data or proper TABLE 4.-Mean, standard error (SE), and sample size (n) for physical habitat variables assessed prelogging (1997) and postlogging (2002) in four streams. The P-values are from t-tests contrasting the pre-and postlogging periods for each variable within each stream. As the numbers of pools and large wood (LW) are direct counts, no SE, n, or P-values are presented for these variables. Our 6-year study attempted to remedy several of these shortcomings by using a replicated, BACI experimental design. We found no evidence that the logging treatments influenced the summer relative abundance of age-1þ cutthroat trout (i.e., there were no disproportionate changes in relative abundance in the treatment streams after logging). We could not as rigorously assess the influence of logging on winter relative abundance because we had only one control stream and the sampling period for our only prelogging year occurred simultaneously with logging in the treatment streams. However, because the logging was done carefully (i.e., logs were felled away from streams, slash was kept away from streams, no machines were used within 5 m of stream) and the watershed area logged was small, we believe the issues that have in the past created problems for stream fish in winter after logging (i.e., elevated levels of sediment intrusion, disproportionately higher flow rates) would not have played a significant role at this stage of the study. We found that prelogging winter relative abundance did not differ from average relative abundance in subsequent years in the control or treatment streams, suggesting that logging did not affect winter relative abundance. Among-stream average water temperatures (MDAT and MDMT) were lower (;1.58C) during the years after logging than in the years preceding logging. This phenomenon occurred because of broad changes in the climate. An examination of temporal trends in the Pacific Decadal Oscillation (PDO), a long-term climate pattern whose index is the leading principal component of North Pacific monthly sea surface temperature variability (Mantua et al. 1997) , reveals a shift from a warm phase to a cool phase during the winter of 1998 that persisted to the winter of 2003 (data found at http:// jisao.washington.edu/pdo/). The mean daily summer air temperatures were approximately 1-28C warmer in prelogging years. The water temperature was, however, affected by the logging treatment. The temperature in treatment streams remained relatively unchanged after logging, whereas that in control streams dropped. The MDAT and MDMT in treatment streams were approximately 28C higher than in control streams before logging but approximately 38C higher after logging, implying that the logging treatment caused an average warming of about 18C in the summer. A detailed examination of thermal patterns throughout a longer summer period than we examined in Stream A indicates that the logging treatment caused upward of a 28C warming in that stream . Indeed, Stream A (which was clear-cut) appeared to exhibit warmer postlogging temperatures than our other treatment stream, Stream C (some riparian retention and less channel exposure than Stream A). [1997] [1998] [1999] [2000] [2001] [2002] . The Pearson correlation and associated P-value are presented (n ¼ 20). Spring Creek in 1997 is an outlier, and when it is removed the correlation is stronger (r ¼ À0.675, P ¼ 0.001).
LOGGING EFFECTS ON TROUT POPULATION AND HABITAT
Although our analytical approach (daily temperature data and associated summary figures) generated an easily understandable overview, it did not account for inherent autocorrelation of daily information. Gomi et al. (2006) examined the same temperature data that we report from a subset of our streams over the same preand postlogging periods. They used a novel generalized least-squares regression approach that involved calibrating temperature trends between treatment and control streams to calculate partial correlation coefficients and account for autocorrelation in residuals. For our study sites, they found nearly identical amongstream, among-month and among-year patterns in maximum, minimum, and average daily temperatures, as we reported.
Large increases in stream temperature have been observed in small Pacific Northwest trout streams where riparian trees have been logged. The daily maximum stream temperatures in an old-growth, clearcut area on the Oregon coast increased 12.78C over the prelogging average to 268C in the summer after logging (Moring and Lantz 1975) and remained an average of 68C higher than that in an unlogged reference stream 4 years after logging (Johnson and Jones 2000) . The maximum daily stream temperature in a second-growth, clear-cut area (a section of East Creek situated 3 km downstream of the East Creek site used in the present study) 1 year after logging was 158C at the upstream end of the cutblock but increased to 318C at the downstream end of the cutblock, a distance of only 560 m (Young et al. 1999 ; their study section A). The summer maximum temperatures remained 5-88C higher at the downstream end for at least 4 years after logging in that study. We never observed such dramatic temperature responses in our study. Although the size and character of Streams A and C were similar to those described above, their maximum daily temperatures during the summer never exceeded 20.48C after logging (R. D. Moore, Department of Forest Resources Management, University of British Columbia, unpublished data). The probable reason for this difference is that in those previous studies all forms of shading, including trees, shrubs, and in-stream wood, were removed from the riparian area as part of the scarification process. The careful logging approach used in our study, which also did not involve scarification, left behind most riparian shrubs, some trees, and all instream wood and presumably resulted in lower levels of incident solar radiation reaching channels compared with that in previous studies.
We found that physical habitat was significantly altered, based on contrasts between conditions at the start (1997) and end (2002) of the study. However, several changes occurred in a similar fashion in both control and treatment streams, and these can be explained by between-year differences in climate. Specifically, 1997 had the most precipitation and highest flows out of all years and 2002 had the lowest precipitation and very low flows. Low flows during the latter year resulted in the recording of relatively high percentages of undercut banks; they probably would have been submerged and would not have been visible during 1997. Low flows also resulted in all streams exhibiting shallower pools in 2002. Although logging large segments of watershed can lead to altered hydrological regimes (i.e., if percent watershed area logged .50% [Moore and Wondzell 2005] ), with only 21% of our watersheds logged, it is unlikely that logging contributed to hydrological changes in our treatment streams.
Although riparian logging can increase the rates of delivery of fine sediments to streams, we observed a decline in fine sediment retention. The percentage of fine sediments decreased in 2002 by about 30% in both treatment streams and by about 40% in East Creek. Fine sediments move very effectively and quickly through headwater streams, and sediment retention is often related to the frequency and magnitude of recent discharge events . We are uncertain why the percentage of fine sediments did not change in Spring Creek.
Between 1997 and 2002, windthrow occurred to riparian trees along Stream C and East Creek, increasing the abundance of LW lying along streambanks. The LW abundance in Spring Creek increased largely because of substantially higher water levels in 1997, which led to an underestimation of LW pieces observed below water. Interestingly, the windthrow experienced in Stream C and East Creek increased the number of LW pieces that fell across the active stream channel but these had little influence on the number of pools created because these new LW recruits were generally suspended above stream beds.
We could find no general relationships between the variation in physical habitat and trout relative abundance, although the highest abundance was found at a site with the deepest pools (i.e., Spring Creek in 1997). Headwater streams in the MKRF frequently experience late-summer, low-flow conditions when the only available rearing areas are disconnected, isolated pool habitats. Summer survivorship is enhanced by deep pools because they are highly effective at reducing predation risk and increasing net energy intake (Harvey and Stewart 1991; Rosenfeld and Boss 2001) . A relationship was, however, uncovered between average summer temperature and relative abundance. This may reflect a relationship between pool volume and temperature, as streams with lower volumes would warm faster in the summer because of more incident light per volume. As discussed above, shallower pools make fish more vulnerable to predators. Warmer streams could also have higher levels of primary production, which would enhance fish food supply and potentially lead to better fish survival. Unfortunately, we do not have the necessary habitat or primary production data across years to assess the fundamental cause of the correlation between trout abundance and average temperature. Young et al. (1999) examined the response of headwater coastal cutthroat trout to second-growth logging and found dramatically lower summer abundances (10-fold reduction in density) at their intensively logged site relative to an upstream above-barrier control site immediately after logging. They found that all age classes were affected but, overwhelmingly, the abundance of age-1 trout was the most depressed. Although young of year were not sampled, it was clear from assessments of age-1 fish in subsequent years that this age-class was also significantly depressed. After 25 years, the population abundance and age structure had recovered. Their logging treatment had involved scarification, slash-burning, and removal of all instream large wood and riparian vegetation. This treatment resulted in high summer temperatures for several years that often exceeded lethal levels on a daily basis, fine sediment intrusion into spawning gravels, and more than a 50% reduction in pool area. Of note was the fact that only 32% of their watershed was logged, and a portion of that (13%) was not logged as intensively (large wood was left in the stream, no scarification occurred). Therefore, the reported extreme changes to physical and thermal habitat and to fish occurred with a relatively small percentage of the watershed area logged-a percentage very similar to that in our study (21%).
Studies in old-growth forests that involved riparian logging, scarification, and removal of LW have yielded results very similar to those of Young et al. (1999;  their study section A), in that cutthroat trout abundance declined abruptly after logging in conjunction with extremely high stream temperatures, low dissolved oxygen concentrations, and loss of physical habitat (Moring and Lantz 1975) . However, in studies where logging operations have retained LW, such as ours, the responses of cutthroat trout populations to logging have been neutral (Osborn 1980; Martin 1985; Young et al. 1999 , their study section B). In addition to providing some shade, LW stabilizes streambanks and maintains habitat complexity and the capacity of streams to store sediments and organic matter (Bilby and Bisson 1998) . Removal of LW may have particularly negative effects for overwintering salmonids Bilby and Bisson 1987; Thedinga et al. 1989 ) because it provides cover and refuge from high-winter storm events (Bustard and Narver 1975) .
Although we found no major changes in physical or thermal habitat arising from the logging treatment, the amount of incident solar radiation reaching streams was significantly higher after logging in treatment streams and this led to an increase in primary production. In a parallel study, Kiffney et al. (2003) found that periphyton biomass and Chironomidae (predominantly Orthocladiinae) abundance were higher in Streams A and C than in the control streams in the year after logging, although differences were not observed for other invertebrates, such as Ephemeroptera (Baetidae and Heptageniidae). This suggests that the biomass of trout prey may have been higher in the treatment streams after logging. Experimental manipulations involving food and cover have revealed that trout in MKRF streams are highly food limited and will take advantage of any increases in food availability (Soluk and Richardson 1997; Boss and Richardson 2002) , so it was surprising that we could not detect any differences in fish condition (mass for given length) attributable to logging. Indeed, these findings contrast with other studies in old-growth forest sites that have found higher mean weights of stream-resident salmonids in streams a short time after logging Hartman et al. 1987; Thedinga et al. 1989) . It is possible that the trout condition in Streams A and C did not appear to benefit from higher food availability because the metabolic costs would have been higher in these streams as a result of the modest increases in temperature. Thus, fish would have needed higher rations after logging to maintain their prelogging condition. It is also possible that our analytical approach detected only large changes in conditionmodest changes may have been difficult to detect.
Although logging-induced temperature changes were small and we detected no effects of logging on fish abundance or condition, temperature is still an important consideration in this study. Our treatment streams were naturally warmer than control streams. Had the PDO changed in 1998-1999, creating a 28C warmer (instead of cooler) climate than that of the prelogging period, it is possible that we would have found a decline in trout abundance or condition in treatment streams because average temperatures would have exceeded 188C, the metabolically optimal temperature for cutthroat trout (MacNutt et al. 2004) , and maximum daily temperatures could have risen above 238C, which is the lethal limit for coastal cutthroat trout LOGGING EFFECTS ON TROUT POPULATION AND HABITAT (50% mortality after 1,000 min; fish acclimated at 208C; Bjornn and Reiser 1991) .
In conclusion, we observed no changes to trout relative abundance or habitat attributable to logging. Other studies that have examined the effects of logging on cutthroat trout and stream habitat, including one conducted in our study area in which a comparable percentage of watershed area was logged, have found that dramatic declines in trout abundance and physical habitat and large increases, often to lethally high levels, in stream temperature occurred in the years immediately after logging. In our study, careful logging practices (i.e., retention of LW, felling away from streambanks, retention of some riparian trees and vegetation) and a cooler postlogging period were probably the main reasons for this. However, we caution that although we have 4 years of postlogging observations, this was a short-term study and the deleterious effects of logging might not appear until years later. For instance, LW can break down and lose its functionality over time, and there may be insufficient recruitment of large wood from clear-cut riparian areas in the future to prevent loss of physical habitat.
